Rationale Agonist medications have been proven effective in treating opioid and nicotine dependence; results from clinical studies suggest that the indirect dopamine agonist d-amphetamine may reduce cocaine abuse. In preclinical studies, chronic d-amphetamine treatment decreased ongoing cocaine self-administration. Objectives The present study extended previous results by determining effects of chronic d-amphetamine treatment on the reinforcing strength of cocaine under conditions in which access to cocaine was suspended during d-amphetamine treatment. Methods Daily operant conditioning sessions consisted of morning access to food pellets delivered under a 50-response fixed-ratio schedule and evening access to cocaine (0.005-0.48 mg/kg per injection, i.v.) under a progressiveratio schedule. After responding maintained by 0.045 mg/ kg per injection cocaine stabilized, self-administration sessions were suspended and d-amphetamine (0.01-0.1 mg/kg per hr, i.v.) was administered continuously for 5 days. On the following day, d-amphetamine treatment was discontinued and daily self-administration sessions resumed.
linked to its effects on brain dopamine function (e.g., Woolverton and Johnson 1992) , development of agonist medications for cocaine dependence has focused on drugs that enhance dopamine neurotransmission. The ideal agonist medication has a lower abuse potential than cocaine due to a slower onset and longer duration of action (for review, see Grabowski et al. 2004a) . While efforts are ongoing to develop novel drugs with this profile (e.g., Carroll et al. 1999; Platt et al. 2002; Rothman et al. 2005; Negus et al. 2007) , drugs that are currently clinically available have been assessed in randomized trials (see Castells et al. 2007 ). For example, several studies have supported the safety and efficacy of damphetamine as a treatment for cocaine dependence (e.g., Fleming and Roberts 1994; White 2000; Shearer et al. 2003) , including three double-blind, placebo-controlled studies that used a sustained-release preparation (Grabowski et al. 2001 (Grabowski et al. , 2004b Shearer et al. 2003) .
Preclinical studies of putative pharmacotherapies in laboratory animals are integral in designing clinical trials and predicting the likelihood of positive results. In particular, intravenous drug self-administration techniques have demonstrated predictive validity in characterizing the abuse liability of centrally acting drugs (Griffiths et al. 1980; Ator and Griffiths 2003) and have been used extensively to evaluate candidate pharmacotherapies for cocaine abuse (Mello and Negus 1996; Carroll et al. 1999; Howell and Wilcox 2001; Platt et al. 2002) . Regarding agonist medications, laboratory studies in nonhuman primates have demonstrated that d-amphetamine can attenuate the reinforcing effects of cocaine under diverse conditions. Negus and Mello (2003b) reported that damphetamine treatment dose-dependently decreased rates of ongoing cocaine-reinforced responding under a secondorder schedule of reinforcement, shifting the cocaine doseresponse curve rightward and downward. Moreover, damphetamine decreased cocaine choice when cocaine and food were concurrently available and decreased break points for cocaine under a progressive-ratio (PR) schedule (Negus 2003; Negus and Mello 2003a) . Importantly, damphetamine was administered chronically in these studies. Examining the effects of chronic drug administration is critical for understanding the effectiveness of such drugs as medications not only because chronic administration better reflects ultimate clinical use but also because acute administration of d-amphetamine has been shown to alter the reinforcing effects of cocaine in a manner opposite to that of chronically administered d-amphetamine. For example, acutely administered d-amphetamine shifted the dose-effect curve for cocaine self-administration to the left and upward at a dose that had minimal effects on foodmaintained responding (Barrett et al. 2004) . Moreover, acute d-amphetamine has been shown to reinstate extinguished responding formerly maintained by cocaine (Gerber and Stretch 1975; de Wit and Stewart 1983) . Under other conditions, acute d-amphetamine has been shown to decrease cocaine self-administration, but in these studies, similar reductions in food-maintained responding were reported (Foltin and Evans 1999; Mansbach and Balster 1993) .
The present study was designed to further characterize the effects of chronic d-amphetamine treatment on cocaine self-administration under a PR schedule of reinforcement in rhesus monkeys. Unlike previous studies in which cocaine was self-administered daily during d-amphetamine treatment, in the present experiments, access to cocaine was suspended during d-amphetamine treatment. It was hypothesized that the effects of damphetamine on subsequent behavior would be more purely assessed by eliminating access to cocaine during treatment, precluding the possibility of interactions between cocaine and d-amphetamine. Moreover, this regimen may more accurately reflect an experience in treatment in which an addict is able to refrain from using cocaine during a brief, initial period. To help distinguish whether reductions in cocaine self-administration resulted from an interaction between cocaine and d-amphetamine or a more persistent change in behavior that outlasted the pharmacological effects of d-amphetamine, an additional experiment was conducted in which 6 days elapsed between the termination of d-amphetamine treatment and the next cocaine self-administration session. Throughout these studies, the possibility that decreases in cocainereinforced responding were due to nonspecific alterations in responding was assessed by examining responding maintained by food that occurred daily on a separate manipulandum and by daily observation of the subjects.
Materials and methods
Subjects and apparatus Four adult male rhesus monkeys (Macaca mulatta), each prepared with a chronic indwelling venous catheter and subcutaneous vascular access port (Access Technologies, Skokie, IL) under sterile surgical conditions as described previously (Czoty et al. 2006) , served as subjects. Each monkey had an extensive history of cocaine self-administration and exposure to various monoamine transporter inhibitors (e.g., Food-reinforced responding Monkeys were trained under a reinforcement schedule in which responding on the right lever resulted in delivery of one food pellet under a 50-response fixed-ratio (FR 50) schedule. Under the FR 50 schedule of reinforcement, white stimulus lights were illuminated and 50 responses resulted in the delivery of a food pellet, extinguishing of white lights, and illumination of red stimulus lights for 10 s, followed by a 10-min timeout (TO) period during which no lights were illuminated and responding had no scheduled consequences. Sessions began at approximately 0830 hours each day and lasted for approximately 23 h or until the maximum number of allowed food reinforcers was earned. The number of pellets that could be earned was determined for each monkey as that required to provide enough food to maintain body weight, which was measured at least monthly, at approximately 95% of free-feeding levels. When monkeys earned fewer than the maximum number of food pellets, supplementary food (Purina Monkey Chow) was given at approximately 0800 hours in an amount calculated to raise the total grams of food to the desired level. Target food amounts for the monkeys in the present study were 130 g for three monkeys and 120 g for the fourth.
Cocaine self-administration Monkeys self-administered (−) cocaine HCl (National Institute on Drug Abuse, Bethesda, MD, dissolved in sterile 0.9% saline) under a PR schedule of reinforcement in sessions that began at 1500 hours each day. At the beginning of the day (0800 hours), the pump was operated for approximately 30 s to fill the catheter with the drug solution available for that session; the PR schedule began at 1500 hours each day. Under the PR schedule, white stimulus lights were illuminated above the left lever, and 50 responses on that lever resulted in the first injection of the maintenance dose of cocaine (0.045 mg/kg per injection), extinguishing of white lights, and illumination of red stimulus lights for 10 s, followed by a 10-min TO. The response requirement for subsequent injections was determined by the equation used by Richardson and Roberts (1996) : ratio=5×e (reinforcer # x 0.2) −5. For the present studies, the first response requirement (50 responses) corresponds to the 12th value given by this equation and was followed by 62, 77, 95, 117, 144, 177, 218, 267, 328, 402, 492, 602, 737, 901, 1,102, 1,347, etc . Sessions ended when 2 h elapsed without an injection. Saline and other cocaine doses (0.005-0.48 mg/kg per injection) were substituted for the maintenance dose of cocaine for at least 5 sessions and until responding stabilized (±20% of the mean number of injections for three consecutive sessions, with no trends) until a complete dose-effect curve was generated.
Chronic d-amphetamine treatment Following determination of a cocaine dose-response curve, 0.045 mg/kg per injection cocaine was made available until responding stabilized. This dose of cocaine was chosen because it was situated on the ascending limb of the dose-response curve, permitting the detection of either increases or decreases in the reinforcing strength of cocaine. On the next day, administration of d-amphetamine began at approximately 0830 hours by connecting the external part of the catheter to an infusion pump outside the chamber (Cole-Parmer Instrument Co., Vernon Hills, IL). A single concentration of d-amphetamine was infused at a rate of 0.4 ml/h such that monkeys received 0.01, 0.03, or 0.1 mg/ kg/h for five consecutive days. The treatment duration was chosen because 5 days is typically required for responding to extinguish when saline is contingent on responding (see Table 1 ). Each monkey received all three d-amphetamine doses, with treatment doses tested in random order and separated by at least 14 days of baseline (i.e., no treatment) cocaine self-administration. In addition, food-reinforced responding was studied throughout treatment. On the morning of the sixth day, d-amphetamine treatment was discontinued and the catheter was flushed with heparin/ saline solution. At 1500 hours that afternoon, 0.045 mg/kg per injection cocaine was again made available for selfadministration under the PR schedule of reinforcement, signaled by the illumination of the white stimulus lights above the right lever. Based on results from this experiment, a second experiment was conducted in three of these monkeys in which treatment for 5 days with 0.03 mg/kg/h damphetamine was followed by 6 days abstinence from treatment before the next cocaine self-administration session occurred. One of the authors (JLM) interacted with each monkey daily and noted informally any apparent unconditioned effects of d-amphetamine.
Data analysis The dependent variable of primary interest was the number of cocaine injections earned under the PR schedule of reinforcement. In addition, the number food reinforcers received was recorded in hourly bins. For determining the cocaine dose-effect curve, data were averaged across the last 3 days of availability of each dose, then averaged across monkeys. Because average injections of 0.045 mg/kg cocaine differed across monkeys (raw values, mean±SEM: R-1427, 14.1±0.4; R-1346, 12.9±0.4; R-1326, 14.1±0.4; R-1268, 11.0±0.2), cocaine injections received after treatment with each d-amphetamine dose were expressed as a percentage of the mean number of reinforcers earned on the 3 days immediately preceding testing of that dose and presented as mean (±SEM) for the group of monkeys. Similarly, food reinforcers earned during and after d-amphetamine treatment were expressed as a percentage of baseline. Food and cocaine reinforcers received (raw data) were analyzed with a repeated-measures one-way ANOVA, followed by post hoc Dunnett's tests to determine the days on which the number of reinforcers was significantly different from baseline. In all cases, differences were considered statistically significant at the 95% level of confidence (p<0.05).
Results
Baseline food-and cocaine-reinforced responding Under baseline conditions, monkeys earned all available food pellets within the first 3 h of availability in more than 95% of sessions (data not shown). Two subjects typically earned all available food reinforcers within the first hour of the session. In cocaine self-administration sessions, the number of injections received increased significantly as a function of the available cocaine dose (F 5,15 =37.28, p<0.0001, Fig. 1 ). Post hoc analysis indicated injections received during availability of doses ≥0.015 mg/kg per injection cocaine differed significantly from the number of saline injections received under the PR schedule of reinforcement (p<0.01). When saline was substituted for the baseline dose of 0.045 mg/kg cocaine, number of injections decreased in all monkeys (Table 1) . When cocaine was again made available, number of injections increased on the first session of availability (Table 1) .
Effects of d-amphetamine on food-reinforced responding
Chronic treatment with d-amphetamine resulted in a disruption of food-maintained responding (Fig. 2, top) . This effect was progressive and related to d-amphetamine dose. No significant effects of 0.01 mg/kg/h d-amphetamine were observed during or after treatment, but higher d-amphetamine doses resulted in significant decreases in food-reinforced responding (F 15,45 =2.88, p<0.01 and F 15,45 =10.01, p<0.0001 for 0.03 and 0.1 mg/kg/h, respectively) that became more prominent over the course of the 5-day treatment. It is important to note that during days that food-maintained responding was decreased, monkeys readily retrieved and ate food pellets when offered by experimenters and quickly ate all supplementary chows. In general, effects on total food reinforcers earned were reflected in the pattern of responding. Unlike under baseline conditions, in which all reinforcers were typically earned within 1-3 h, responding during and immediately after treatment with 0.03 and 0.1 mg/kg/h d-amphetamine occurred at a low rate throughout the day. During this time, few overt unconditioned effects of d-amphetamine were noted. These were limited to mild agitation in three monkeys on 1 or 2 days during treatment with 0.1 mg/kg/h d-amphetamine characterized by a somewhat more aggressive reaction to the presence of lab personnel and less cooperative behavior during routine inspection of the vascular access port and catheter. Following discontinuation of chronic d-amphetamine treatment, drug-induced decreases in food-reinforced responding dissipated over several days. The average number of reinforcers earned on the first 5 days after discontinuation of treatment with 0.03 mg/kg/h d-amphetamine remained below baseline levels, but differences were not statistically significant. After discontinuation of 0.1 mg/kg/h d-amphetamine, however, monkeys earned significantly fewer reinforcers for 4 days (p<0.01) before responding recovered to baseline levels.
Effects of d-amphetamine on subsequent cocaine selfadministration Following termination of chronic d-amphetamine treatment, monkeys self-administered fewer 0.045 mg/kg cocaine injections under the PR schedule of reinforcement relative to baseline (Fig. 2, bottom) . These reductions were related to the d-amphetamine dose administered. The effects of 0.03 and 0.1 mg/kg/h were statistically significant (F 10,30 = 7.17 and F 10,30 = 15.51, respectively; p<0.0001 for both doses), with post hoc analysis indicating significant reductions relative to baseline on days 1-4 for both doses and on day 5 after 0.1 mg/ kg/h d-amphetamine.
Effect of an intervening 6-day drug-free period In the second experiment, as in the first, 5 days of treatment with 0.03 mg/kg/h d-amphetamine significantly decreased foodreinforced responding (F 15,45 =5.43, p<0.0001; Fig. 3 ). Post hoc analysis indicated that the number of reinforcers earned on days 4 and 5 of treatment and on the following drug-free day differed significantly (p<0.01) from baseline. Unlike the first experiment when cocaine reinforcement was studied 1 day after termination of d-amphetamine treatment, when access to cocaine was restored 5 days after treatment ended, the number of self-administered cocaine injections over the first 4 days was not different from baseline.
Discussion
Previous studies demonstrated that chronic administration of d-amphetamine decreases ongoing cocaine self-administration under a PR schedule of reinforcement and other conditions (Negus 2003; Negus and Mello 2003a, b; Chiodo et al. 2008 ; Ordinate number of reinforcers, expressed as a percent of reinforcers earned under baseline conditions. Points represent mean (±SEM) data for three monkeys. Abscissa day during d-amphetamine treatment (0.03 mg/kg/h), during a 6-day drug-free period and during cocaine self-administration. Other details as in Fig. 2 Chiodo and Roberts 2009). The results of the present study extend these findings to conditions under which cocaine selfadministration is suspended during d-amphetamine treatment. Importantly, the intermediate dose of d-amphetamine reduced cocaine self-administration without significantly decreasing food-reinforced responding. The results suggest that administration of d-amphetamine during the initial portion of treatment, at a time in which a patient may be able to abstain from cocaine (either voluntarily or due to hospitalization), may result in reductions in the reinforcing strength of cocaine if use is resumed immediately after termination of treatment. The effectiveness of chronic d-amphetamine is reduced, however, if several days pass prior to cocaine use. These findings suggest that experiencing self-administration while the agonist medication is present in the body is a critical aspect of effective treatment.
In initial experiments, d-amphetamine was administered continuously for 5 days. Chronic treatment with both 0.01 and 0.1 mg/kg/h d-amphetamine similarly affected food-and cocaine-maintained responding; neither behavior was altered significantly by 0.01 mg/kg/h damphetamine whereas both were decreased significantly by 0.1 mg/kg/h d-amphetamine. Following chronic treatment with 0.03 mg/kg/h d-amphetamine, decreases in food-reinforced responding were modest and variable and, on average, not statistically significant. However, this damphetamine dose significantly decreased the reinforcing strength of 0.045 mg/kg per injection cocaine for 4 days after the termination of d-amphetamine treatment. The potency of d-amphetamine to reduce cocaine selfadministration in the present study was similar to that reported previously (Negus and Mello 2003a, b) . Considering an elimination half-life of approximately 4.5 h for intravenous d-amphetamine (Beckett and Rowland 1965) , it is clear that reductions in cocaine self-administration persisted beyond the time that d-amphetamine was present in the body. Thus, the sustained reduction in the reinforcing strength of cocaine over several days may represent a form of behavioral tolerance. That is, the experience of reduced reinforcing strength of cocaine in the presence of d-amphetamine on the first day after discontinuation of d-amphetamine treatment resulted in decreased selfadministration over the next several days after treatment ended. This result in nonhuman primates is concordant with studies in humans in which the subjective effects of cocaine were reduced during chronic amphetamine treatment (Rush et al. 2009 ) but contrasts with findings from a recent study in rats in which 14 days of treatment with damphetamine did not alter post-treatment cocaine selfadministration if access to cocaine was suspended during d-amphetamine treatment (Chiodo et al. 2008) . The disconnect may be related to the amount of time that passed after chronic treatment. The first post-treatment self-administration session occurred immediately after termination of d-amphetamine treatment in the present study but did not occur until the following day in the Chiodo et al. (2008) study. Taken together, the data suggest that the presence versus absence of d-amphetamine in the body during the initial post-treatment self-administration session could be a critical variable accounting for the observed differences in effectiveness of chronic d-amphetamine. It is also worth noting that previous studies showed that simply allowing abstinence from cocaine for 3, 7, or 14 days did not alter the cocaine dose-effect curve (Czoty et al. 2006) .
The possibility that behavioral tolerance was responsible for the reduction in self-administration after d-amphetamine treatment was addressed in a second experiment in which 6 days elapsed after termination of treatment with 0.03 mg/ kg/h d-amphetamine before availability of cocaine was restored. Although this dose of d-amphetamine significantly reduced the reinforcing strength of injections of 0.045 mg/ kg cocaine for 4 days immediately after termination of treatment in the initial experiment, the number of selfadministered cocaine injections was not different from baseline values if 6 days intervened. These data support the hypothesis that experiencing cocaine self-administration in the presence of d-amphetamine after chronic treatment is necessary for the more prolonged decrease in cocaine selfadministration to occur (e.g., Chiodo et al. 2008) . One clinical implication of this finding is that continued treatment with an agonist medication may be necessary to produce a sustained reduction in the reinforcing effects of cocaine. In this respect, treatment with d-amphetamine is similar to treatment with other agonist medications such as methadone. An additional implication of these data is that daily amphetamine treatment may not be necessary in order to observe behavioral tolerance. Future studies will be needed to evaluate this hypothesis.
The prominent reduction of food-reinforced responding during and for several days after chronic treatment is likely due to disruptive effects of d-amphetamine on responding rather than to a reduction in appetite or the appetitive value of food pellets, as monkeys routinely took and ate chows, peanuts, food pellets, and other preferred foods when offered by a technician. Although this observation suggests that such disruptive effects also had a role in the observed reductions in cocaine self-administration, it is noteworthy that reductions in cocaine self-administration were larger and persisted longer than reductions in food-maintained responding. This finding parallels those of Negus and Mello (2003a, b) , in which cocaine-reinforced responding was more sensitive to reduction by d-amphetamine than food-maintained responding. Moreover, Negus and Mello (2003b) observed tolerance to the effects of 0.1 mg/kg/h damphetamine on food-but not cocaine-reinforced responding after 8 days of chronic treatment. In addition, to the extent that disruptions in food-reinforced responding model side-effects experienced in patients, these data parallel clinical findings indicating a lack of serious adverse sideeffects, and only mild side-effects in a limited number of patients, associated with chronic d-amphetamine treatment (Charnaud and Griffiths 1998; Shearer et al. 2001 Shearer et al. , 2003 Grabowski et al. 2001 Grabowski et al. , 2004b . Other studies that have reported decreases in cocaine self-administration following acute administration of d-amphetamine have reported similar reductions in food-maintained responding (Foltin and Evans 1999; Mansbach and Balster 1993) . Taken together, these data support the view that chronic treatment with agonist medications is more likely to produce selective reductions in cocaine self-administration than acute treatment (Negus and Mello 2003b) . Two caveats to this interpretation in the present studies are that the experiment was not explicitly designed so that cocaine and food reinforcers would have equal reinforcing strength and that they were available under different schedules of reinforcement. These factors may have contributed to the apparent selectivity of the effects of damphetamine. However, Negus (2003) studied cocaine-food choice in which reinforcers were available under different FR schedules (FR 10 for cocaine and FR 100 for food) and found that d-amphetamine treatment significantly reduced cocaine choice.
One limitation of the present study is that only one dose of cocaine was examined, complicating interpretation of whether a decrease in the number of injections represents an effect akin to decreasing or increasing the cocaine dose. The monotonic nature of the curve suggests that a decrease in self-administration of 0.045 mg/kg per injection cocaine, a dose on the ascending limb, should be interpreted as a decrease the reinforcing strength of cocaine. It is possible that the dose-effect curve would have a biphasic, inverted U shape if higher cocaine doses had been tested (e.g., and that d-amphetamine treatment could have decreased cocaine self-administration by interacting with 0.045 mg/kg cocaine injections in a manner that resulted in effects similar to those of a much higher dose of cocaine. Several factors argue against this hypothesis. First, the curve reached a plateau at the highest dose tested, 0.48 mg/kg per injection. In other studies from our laboratory, we have observed that that the descending limb does not appear until doses of at least 0.56 mg/kg per injection. Thus, for a decrease in the number of injections to represent an effective increase in cocaine dose, treatment with d-amphetamine would have to cause the effects of 0.045 mg/kg cocaine injections to resemble those of a dose higher than 0.56 mg/kg per injection (i.e., over 1.0 log units higher). Moreover, exposure to a dose of d-amphetamine this high would likely result in observable unconditioned behavioral effects such as locomotor activation and/or stereotopy, which were not seen in the present studies. Finally, it is noteworthy that a previous study that examined the complete cocaine dose-effect curve found that d-amphetamine shifted the entire dose-response curve rightward (Negus and Mello 2003b) , clearly indicating antagonism, rather than enhancement, of the reinforcing effects of cocaine. The pattern of self-administration following discontinuation of amphetamine treatment in the present study was similar to the pattern of responding observed during saline extinction ( Table 1 ), suggesting that the presence of amphetamine in the system decreased cocaine self-administration by attenuating the reinforcing strength of cocaine and further support the use of an agonist approach in treating cocaine dependence.
